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EFFECT OF SOIL TEXTURE ON 
MICROWAVE EMISSION FROM SOILS 

by 

T Schmugge 

Laboratory for Atmospheric Sciences 
NASA/Goddard Space Flight Center 

Abstract 

The mtensity, bnghtness temperature (Tg), of the microwave emission from the soil is 
determmed primanly by its dielectric properties. The large difference between the dielectric 
constant of water (=80) and that of dry soil (3-5) produces a strong dependence of the soil’s 
dielectric constant on its moisture content. This dependence is effected by the texture of the soil 
because the water molecules close to the particle surface are tightly bound and do not contnbute 
significantly to the dielectric properties. Since this surface area is a function of the particle size 
distribution (soil texture), being larger for clay soils with small particles, and smaller for sandy 
soils with larger particles, the dielectric properties will depend on soil texture. This dependence 
has been demonstrated by laboratory measurements of the dielectric constant for soils which are 
briefly summarized in this paper. The dependence of the microwave emission on texture is dem- 
onstrated by measurements of Tg from an aircraft platform for a wide range of soil textures. The 
mam conclusion of the paper is that the effect of soil texture differences on the observed Tg val- 
ues can be normalized by expressing the soil moisture values as a % of Field Capacity (FC) for the 


soil. 



EFFECT OF SOIL TEXTURE ON 


MICROWAVE EMISSION FROM SOILS 
by 

T. Schmugge 

Laboratory for Atmospheric Sciences 
NASA/Goddard Space Flight Center 

In an earlier paper (Schmugge et al., 1974) studying the use of microwave radiometers for 
soil moisture sensing a dependence of the emission on soil type or texture was observed. This 
dependence was studied more thoroughly in subsequent expenments. These expenments have 
indicated that the effects of soU. texture can be accounted for by expressing the measured soil mois- 
ture as a percent of field capacity for the soil In this paper we will present the basis for this con- 
clusion and the data supporting it. 

The use of microwave radiometers for the remote sensing of soil moisture has been studied 
extensively from aircraft and field platforms. These radiometers measure the thermal emission from 
the soils in the frequency range 1-30 GHz (wavelength region between 1 and 30 cm). The magni- 
tude of this emission depends on the temperature of soil and on the dielectric or emissive properties 
of the soil. It is this latter quantity which contains the dependence on soil texture. The dielectnc 
properties of a soil are strongly dependent on its moisture content because of the large contrast 
between the dielectric constant (e) of liquid water (~ 80 at X = 21 cm) and that of the soil minerals. 
The large value of e for water results from the ability of the electnc dipole moment of the water 
molecule to align itself along an applied field If the dipolar molecular rotation is prevented as 
it is in ice (e = 3.5) or hindered by being tightly bound to a soil particle the value of e will be 
reduced. It is this latter fact that causes the dependence of e for soils on their texture, clay soils 
with a larger effective surface area can hold more water in this tightly bound state than sandy soils. 
(Bauer, et al., 1972). This relationship between texture and dielectric constant will be quantified. 
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Dependence of Soil-Water Parameters on Texture 

The binding of the water to soil particle can be described in terms of the pressure potential. 

At low moisture levels, the pressure potential is the tension with which water is held by soil parti- 
cles. In the mtermediate range, the pressure potential is determined largely by the radii of curvature 
of water films between soil particles. In Figure 1, representative plots of the relation between 
volumetric water content and pressure potential are presented (Idso et al , 1 975) The zero poten- 
tial level is the saturated soil situation. The locations of the ~1 /3-bar and —15-bar pressure levels 
are mdicated because they are frequently taken to be the pressure levels for the field capacity (FC) 
and wilting point (WP) conditions of the soil. This convention will be followed here. The amount 
of water in the sod at field capacity is that which remains m a sod two or three days after having 
been saturated and after free drainage has practically ceased. As the name implies, the wdtmg 
ppmt is.the moisture level at which plants experience difficulty drawing water from the sod. Thus, 
the FC and WP sod-moisture values give a quantitative measure of the water-holdmg capacity of a 
sod The difference between the two is the available water capacity in the sod. As the curves in 
Figure 1 indicate, FC and WP depend on sod type. The values for the four sods are presented m 
Table 1. 



Figure 1. Volumetric sod water content versus soil water pressure potential for four different soils 

(Idso, 1975). 
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Table 1 

Moisture Content of Selected Soils at WP, FC, and Saturated Conditions 


Soil 

WP at— 15 bar 
(cm^/cm^) 

FC at— 1/3 bar 
(cm^ /cm^) 

Saturation at 0 bar 
(cm^/cm^) 

Navajo Clay 

0 22 

0.55 

0.70 

Cashion Silty Clay 

0.22 

0.33 

0.50 

t 

Avondale Loam 

0.11 

0.25 

0.44 

t 

Gran Sandy Loam 

0.06 

0.15 

0.36. 


Thus, the available water capacity of the silty clay is no greater than that of the Avondale Loam, 
even though the magnitudes are much greater 

In the later sections of the paper we will attempt to show that the value of WP determines the 

I 

transition value for the dielectnc behaviour of the water in the soil from the bound condition to 
the free condition. Since it would be very difficult to obtain curves like those in Figure 1 for the 
soils m all the sampled fields, we attempted to relate FC and WP to the soil textures of the sampled 
fields. This was based on the work of Salter and Williams (1969) who used regression analysis to 
relate particle-size composition (soil texture) to the available water capacity for a soil. They con- 
cluded that the moisture characteristics could be calculated from texture information with reason- 
able accuracy, that is, the upper and lower limits of available water capacity could be estimatW to 
withm 1 0 or 20 percent of the measured values Therefore, a multiple linear regression and corre- 
lation analysis were made on 100 sets of soil textures and moisture characteristics, that is, the 
moisture contents at the —1 /3-bar (FC) and —1 5-bar (WP) potentials These measurements were 
made on soils from the Phoenix area (Private communication, Phoenix Soil Conservation Office, 
1974) and from the Rio Grande Valley of Texas (Heilman et al., 1969). The range of textures 
included m the regression is indicated on a texture tnangle in Figure 2 which is a scatter plot of 
the soils used. 

The results of the correlation analysis for the texture and the moisture parameters presented 
in Table 2. It is seen that WP and FC are highly correlated (negatively) with the sand fraction and 
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Figure 2. Soil texture tnangle showing the soils used in denvmg the FC and WP relationships 
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(positively) v/ith the clay fraction. The correlation with the silt fraction is poor for both param- 
eters. Since only two of the texture parameters will be independent variables, the choice of clay 
and sand is obvious 


Table 2 

Correlation Matrix Between Texture and Soil Water Parameters 

Gravimetric Values Volumetric Values 



FC 

WP 

FC 

WP 

SAND 

-0.86 

-0.82 

-0.84 

-0.77 

SILT 

0.49 

0.32 

0.38 

‘0.23 

CLAY 

081 

0.93 

0.90 

0.95 


The results of the regression for WP, expressed in weight percent, were 

WP = 7.2 - 0.07 X SAND + 0.24 X CLAY ( 1) 

where SAND and CLAY represent then respective soil fractions in percent The multiple cor- 
relation coefficient for this regression was 0.945. The regression results for FC are 

FC = 25. 1 - 0.21 X SAND + 0 22 X CLAY (2) 

with a multiple correlation coefficient of 0.904. The coefficient of variation (standard estimate 
of error divided by the mean) was 0.15 for both of these regressions. 

Since the density values for the soils used in this analysis were available, a regression analysis 
was performed to obtain WP and FC in terms of volumetric water content (Wang & Schmugge, 1979). 
The results are: 

WP = 0.068 - 0.00064 X SAND + 0.0048 X CLAY (3) 

with a multiple correlation coefficient of 0.96 and 

FC = 0.30 - 0.0023 X SAND + 0.005 X CLAY (4) 

with a multiple correlation of 0.94. The coefficients of variations are 0.13 for these regressions. 

The moisture characteristics of a soil depend on many factors in addition to soil texture, such as 
bulk density of the undisturbed soil and percent organic matter, but texture (sand, silt, and clay 
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fractions) was the only parameter that could easily be determined for all of the soils involved It 
is presumed that basing the regression on the actual field soils used in the soil surveys adequately 
takes these factors mto account These regressions for FC and WP on a volumetnc yield slightly 
higher correlation and lower coefficient of variation than those based on gravimetric moisture 
content. 


Dependence of the Dielectric Constant of Soil Texture 

As note)! in the introduction it is the large dielectric constant for water as compared to those 
, for the soil minerals which makes the microwave approaches useful for soil moisture sensing. The 
frequency dependence of the dielectnc 'properties of water are descnbed by a Debye relaxation 
spectrum given by 


e(<^) = 


+ 


1 +1COT 


(5) 


were i is the low frequency (w?^l) value of e, and r, the relaxation time, is a measure 

of the time required for the water molecule it align itself with an applied field. This expression is 
plotted for liquid and solid (ice) water in Figure 3. For liquid water l/r»10‘ ®Hz while for ice 
l/rs5 10^ . Thus if the fiequency of the electric field oscillation is too high the dipole moment 
of the HjO molecule will not become aligned and its dielectric contnbution will be reduced to the 
high frequency value, . 

When water is first added to a soil it will be tightly bound to the particle surface and will 
not be able to rotate freely. As more water is added the molecules are further away from the 

I 

particle surface and are more free to rotate, after about 8 or 9 layers the molecules behave as free 
water and contnbute significantly to the dielectric properties of the soil. In measurements of the 
dielectnc properties of sods Hoekstra and Delaney (1974) observed a frequency dependence similar 
to that presented m Figure 3 with the exception that the soil water has a range of relaxation times 
longer than that of liquid O. 
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Figure 3. .The dielectric behavior of ice and liquid water as a function of frequence (Hoekstra.and Capillmo,. 1971) 




i / 

Laboratory measurements of the dielectric constant for three soils ranging from- a sandy loam 
to a heavy clay at a wavelength of 21 cm are presented m Figure 4. The characteristics of the 3 

a 

soils are given m Table 3 along with calculated values of emissivity. For all three soils there is a 
region at low moisture levels where there is a slow increase in e and above this region there is much 
steeper increase in e with moisture content. It can be seen that the region of slowly increasing e 
is greater for the clay soils than for the sandy loam. This is due to the greater surface area present 
in the clay soils 

The curves m Figure 4 are the results from an empirical model to develop an analytical ex- 
pression for e of soils as a function of moisture content (Wang & Schmugge, 1 979) As Hoekstra 
& Delaney (1974) point out in their paper the dielectnc behaviour of water m soils is different from 
that in the bulk liquid phase, i e. the tightly bound water has dielectric properties similar to those of 
ice while the loosely bound water has dielectric properties similar to those of the liquid state. 
Therefore to obtain the dielectric properties of the moist soil a simple mixing formula is used in 
Which the components are the soil mineral (or rock), air and water (6x) with 6x being a function 

of the water content, W,., in the soil At zero water content Cx " ejce and it increases linearly until 
» 

the transition moisture Wt is reached at which point has a value approaching that for the liquid. 

The equations are: 

e = Wc£x + (P - W,) e, + (1 - P) for < Wt (6) 

with 

Wc 

“ ^1 (^w ~ ^i) T” * y ("^) 

Wt 

and 

e = Wt6x+(Wc-Wt)e^ +(P-WJea+a-P)er,forW^>Wt (8) 

with 

ex = ei + (% - 61)7 ( 9 ) 

where T IS the pososity of the dry soil, e^,e^, Cr and Cj, are the dielectric constants of air, water, 

b « 

rock and ice respectively, and 6x stands for the dielectric constant of the initially absorbed water. 
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Figure 4 Laboratory measurements of the real and imagmary parts of the dielectric constant for 
three soils as a function of moisture content at a wavelength of 21 cm. The data for 
Yuma Sand and Vernon Clay Loam arc from Lundien (1971) and those for Miller Clay 
are from Newton (1977) 
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Table 3 

Characteristics of Soils Represented m Figure 4 



Sand 

Texture 

Silt 

Clay 

Moisture Properties 
WP-^ FC'*'"' Wt 

in cm^/cm^ 

W, = 0 

Soil Emissmties**'’' at 
0.1 0.2 0.3 

cm3 /cm 3 

0.4 

Yuma Sand 

100 

0 

0 

.007 

.07 

.17 

.92 

.83 

.69 

.59 

.53 

Vernon Clay Loam 

16 

56 

28 

.19 

.42 

.28 

.92 

.86 

75 

64 

.56 

Miller Clay 

3 

35 

62 

.36 

.63 

.33 

.92 

.88 

.81 

73 

.63 


* Calculated from Eq. 4 
*= ^ Calculated from Eq. 5 

Calculated using the Fresnel Equations for reflectivity at a smooth surface. 


In Wang & Schmugge (1979) the values of W( and 7 were determined for 18 soils by a least squares 
fit to the data. These values of and 7 are compared with values of WP calculated from the 
known soil textures using equation (4) m Figure 5. The correlation coefficient for Wt = 0.9 and 
for 7 it is 0.7 indicating that there is a strong dependence of both on WP and that texture data can 
be used to estimate the value of W^ for a soil. 

The values of the emissivity presented in Table 3 give an indication of the brightness temper- 
ature (Tg) to be expected for these soils. For example at W^ = 0.3 the range m emissivity is 0. 14 
or about a 45K range in Tg , this difference in the emission for wet soils should be easily observable. 

The conclusion of this section is that reasonable estimates of the dielectric constant for soils 
can be made both as a function of moisture content and microwave frequency if the knowledge of 
the soil texture or moisture characteristic is available. The frequency dependence is contained in 
the dielectric constant for water which is well understood (Stogryn, 1971). It is assumed that there 
is no frequency dependence of W^, withm the microwave spectral re^on 

Microwave Brightness Temperature Measurements 

The use of microwave radiometer data obtained from aircraft platforms is well suited for 
venfying the dependence of microwave emissions from soils on texture because of the ability to 
obtain data over a large number of fields which can encompass a wide range of soil texture. The 
aircraft results were obtained dunng flights with NASA aircraft over imgated agricultural areas 
around Phoenix, Anzona and m the Imperial Valley of Cahfomia during March 1972 and February 
1973 (Schmugge et al., 1976a) and during March 1975 over only the Phoenix area (Schmugge, 
1976b) The aircraft altitude for these flights were 600 m m 1972 and 1973 and 300 m in 1975. 

On board the aircraft were microwave radiometers covenng the wavelength range of 0 8 to 2 i cm. 
In this paper only the results at the 21 cm and 1.55 cm wavelengths will be presented. The 21 cm 
radiometer was nadir viewing with a 15° (~l/4 radian) beam width, therefore, its spatial resolution 
was approximately 1/4 the aircraft altitude. The 1.55 cm radiometer is a scanning radiometer 
which has an angular beam width of 2.8° (~l/20 radian). Tliis sensor was only used on the 1972 
and 1973 missions 
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WILTING POINT, cmVcm’ 



Figure 5 . (a) The variation of 7 from equation with the calculated value of WP. (b) the variation 
of Wt with the calculated value of WP. The solid lines were derived from linear re- 
gressions and the dashes line is the 1 ; 1 line drawn for comparison (Wang and Schmugge, 
1979). 
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The aircraft flew along flight lines centered on the agricultural fields which were at least 16 

hectares (40 acres) in area. These fields generally had uniform surface and moisture conditions 

‘V ’ 

over their total area All the radiometer data obtamed over each field were used tp.olitam the 

average bnghtness temperature (Tg ) for the field The soil moisture measurements were made at 

4 locations and for several depths in each field. The values presented here are the avprag^ for each 

» ^ 

field. For the 1975 flights soil temperature profiles were also measured. Soil, textiles determi- 
nation were also made for the sampled fields. 

The use of a 4 pomt sampling pattern to obtain the average soil moisture for euch field .intro- 
duces a considerable level of uncertainty or error into what will be the independent variable of the 
regression analyses. In an analysis of intensively sampled fields, i.e. fields where 20 or more samples 

were taken. Bell et al. (1979) found that there was an upper limit of about 4 % for theatandard 

^ •* * 

deviation at moisture levels above 10% by weight. If it assumed that this is the population standard 

5 

y 

deviation this implies that the level of uncertainty of the mean value for the 4 samjiles is approxi- 
mately 4% at moisture levels above 10%. This level of uncertainty wdi mhibit our ability to draw 
quantitative conclusions from these data. 

The range of soil textures encountered m these aircraft experiments is presented on a soil 
texture triangle m Figure 6. The region of the tnangle covered by the aircraft data is similar to 
that for the data used in the regression analysis with the exception that aircraft data set had more 
fields with heavy clay soils (e.g clay content about 50%). Using Eq. 2 values of the moisture 
content in weight percent at field capacity (FC) were calculated for these soil textures and t^e 
results are presented in Figure 7 which is a histogram plot of the distribution of FC values. The 
range is from 10 to 38 with the distribution skewed toward the higher moisture values, thus half 
of the fields had FC values between 28 and 38% 
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Figure 6. Soil texture triangle showing the soils for the fields observed in aircraft experiments. 
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1.55 cm Results 

r ; 

The values of the 1.55 cm Tg for each field were obtained by averaging over all the individual 

I 

values that fell within the field boundary. In Figure 8 these values of Tg are compared with the 
ground measurements of soil moisture in the surface cm for the light soils (sandy loam and loam) 
and heavy soils (clay loam and clay). These texture determinations were made by the agricultural 
consultants of the Salt River Project who were doing the ground samplmg In many cases the values 
plotted are the averages of the two passes over each field. The results for the two passes agreed 
withm 2 or 3K for the dry fields and 5 or 6K for the wet fields. The standard deviations ^ere 3 

. t 

to 4K for the dry, and 8 to 1 OK for the wet, reflecting the greater variation in soil moisture ex- 
pected for a'wet field. The large amount of scatter in the data for the dry fields is the result of 
the range ofisurface temperature observed during the different flights. The range of brightness 
temperature is the same for both soil types and there is a clear linear decrease of bnghtness temper- 
ature with soil moisture The slope is less steep for the heavier soils because of the greater range 
of soil moistures that is possible for them. If the soil moisture is expressed as the percent of FC, 
this difference can be accounted for as shown in Figure 9. Visually, the scatter in the data is 
somewhat smaller, and quantitatively, the correlation coefficient for these data is slightly greater 
than for the light and heavy soils separately. The horizontal error bars are estimates of the un- 
certainties in the surface soil moisture determinations. 

These results gave the first indication of a soil texture effect and of a way to normalize for it. 
The scanning nature of the 1.55 cm radiometer made possible the acquisition of data for a large 
number of fields with only a few flights. Unfortunately, it became apparent that a radiometer 
operatmg at this short a wavelength had a very limited samplmg deptli in the soil and was also 
limited to essentially bare soil situations. Thus the prime focus in later experiments was on longer 
wavelength systems, especially 2 1 cm. 

21 cm Results 

A prelimmarj' analysis of the results at the 21 cm wavelength indicated a dependence on soil 
texture similar to that shown at the 1.55 cm wavelength. In order to quantify this dependence, 
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SOIL MOISTURE. WEIGHT PERCENT IN 0-1 CM LAYER 

Figure 8. Plot of 1.55 cm values of Tg versus weight percent soil moisture for light and heavy soils (Schmugge, et. al 1976). 
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the 21 cm data were divided into 3 soil classes having approximately equal populations usmg the 
histogram information given m Figure 6. They were; light soils FC < 23%, medium soils FC 23% 

< FC < 30% and heavy soils 30% < FC. Even though the populations of each group w?re approxi- 
mately the same there are some differences. The light soil class covers a wider range of values for 
FC, 10 to 23%, compared to only 7 or 8% for the medium and heavy classes. The moisture distn- 
butions were not the same in the three classes, in particular there were fewer dry bases (SM < 

10% & high Tg) for the heavy soils class compared to the numbers of dry cases for the other two 
groups. This latter fact will have an effect on the values of the intercepts derived in the regression 
analyses on these data. 

Regression analysis of Tg versus the soil moisture in the surface cm layer were performed on 
each group separately and on the total population. The surface cm layer was chosen because 
theoretical calculations of Tg vs soil moisture in this layer indicated a linear response (Schmugge, 
et al., 1976, Choudhury, et al., 1979). Comparisons with the moisture in thicker layers indicated 
a bi-linear behaviour similar to that observed for the dielectnc constants. Figure 4- The soil 
moisture values were expressed in 3 ways: weight percent, percent of FC, and percent of Wp (the 
wiltmg point). The results of Tg plotted versus weight percent are m Figure 1 0 and versus'percent 
of FC are in Figure 1 1 The parameters of the regressions are summarized in Tables 4-6. 

As would be expected the slopes m Figure 10 decrease as the soils become heavier due to the 
greater moisture range observed for the heavier soils and the larger values of the transition moisture, 
Wj, that would be expected for the heavier soils In this figure it is clear that there is a definite 
difference in the behaviour of the three soil classes. Part of the difference in slope between the 
medium and heavy soil classes is due to the decrease in the intercept for the heavy soil class resulting 
from the small number of dry cases (high Tg) in this class. When the same data are plotted versus 
percent of FC, Figure 1 1, the slopes of the three classes are in better agreement with each other, 
e g the probable errors of the slopes overlap even for the two extreme cases which was not jtrue 
when plotted versus weight percent. The regression results of Tg versus WP, given in Table 6, 
show an even greater degree of agreement of the slopes for the three soil classes. However in spite 
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21 CM RADIOMETER RESULTS FROM 1973 + 1975 FLIGHTS OVER PHOENIX 



Figure 10. Plot of 21 cm values of Tg versus weight percent soil moistures for soils divided into three classes of soil textures defined 
by the calculated values of FC, The boundanes were selected to produce equal populations in the three classes. 
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21 CM RADIOMETER RESULTS FROM 1973+1975 FLIGHTS OVER PHOEiMIX 



SOIL MOISTURE, % OF FIELD CAPACITY 0 - 1 CM LAYER 


Figure 11. Plotof21 cm values of Tg versus soil moisture expressed as a percent ofFC for samethree classes ofsoils used in Figure 10. 




Table 4 

Regression Results Tg vs weight percent 



N 

Intercept 

Slope 

Correlation 
Coefficient, r 

Lfght Soils 
FC<23% 

41 

280 

3.08+26 

0.88± 03 

Medium Soils 
23<FC<30% 

41 

278 

2.16+19 

0.87+04 

Heavy Soils 
30%<FC 

40 

269 

1.82+15 

0.i8±.03 

All Soils 

122 

275 

2.10+09 

0.89±.02 



Table 5 





Regression Results Tg 

vs % of FC 



N 

Intercept 

Slope 

Correlation 
Coefficient, r 

Light Soils 
FC < 23% 

41 

282 

0.65+06 

0.87+04 

Medium Soils 
2S<FC<30% 

4-1 

277 

0.56+.05 

0.85+04 

Heavy Soils 
30<FC 

40 

270 

0 60±.05 

0.88+04 

AH' S oils 

122 

278 

0.64+03 

0.88+.02 



Table 6 





Regression Results: Tg 

vs% ofWP 

j 


N 

Intercept 

Slope 

Correlation 
Coefficient, r 

Light Sods 
FC < 23% 

41 

282 

0.30+03 

0.87+04 

Medium Sods 
23<FC<30% 

41 

277 

0.29+.03 

0.841.04 

Heavy Sods 
30<FC 

40 

271 

0.33+03 

0.861.04 

I* 

All Sods 

1'22 

278 

0.33±.02 

0.85+02 
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of the better correlation obtained between WP and texture given by equations 1 and 3 the cor- 
relations between Tg and soil moisture expressed as a percent of WP are no better than those 
obtained using percent of FC as the independent variable. 

In Figure 12 the data from all three sod classes are plotted together versus weight percent in 
12a and versus percent of FC in 12b In Figure 12a the lighter soils (O’s) are predominantly to the 
left of the medium and heavy sods However when plotted versus percent of FC there is a greater 
degree intermixing of the three sod classes. In spite of this qualitative observation of the improve- 
ment afforded by using percent of FC as the independent vanable, there was no quantitative im- 
provement m the correlation coefficient for the regressions This I believe is due to the uncertainties 
that are inherent in both the Tg and soil moisture values. 


DISCUSSION 

The results presented here show that there is a clear dependence of the microwave emission 
from general agricultural fields on their soil texture. This was obvious qualitatively, but not quanti- 
tatively since the results presented in Figure 12 do not show an improved correlation when ex- 
pressing sod moisture as a percent of FC compared to weight percent. However, the fact that the 
correlation did not decrease when the uncertamty of the independent vanable increased by dividing 
one noisy variable, sod moisture, by another, FC, with an equal level of uncertainty indicates that 
there must be some physical significance to the approach. The reason is due to the noise, or un- 
certainty, that is inherent in the data used here both with the dependent variable, Tg , and the 
independent variable, sod moisture. As was discussed earlier the uncertainty in the ground measure- 
ments of sod moisture was estimated to be 3 to 4% for soil moisture (SM) values above 1 0% for a 
ASM/SM = 0.2 at moisture levels of 1 5 to 20% Similarly the regression for FC yielded a AFC/FC 
of 0.2, the resultant uncertamty in the ratio, Z = SM/FC, then would be; 


AZ = 
Z 





^ 0.3 


( 10 ) 
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BRIGHTNESS TEMPERATURE, KELVINS 


21 CM RADIOMETER RESULTS FROM 
1973 AND 1975 FLIGHTS OVER PHOENIX 



10 20 30 40 BO 100 150 


WEIGHT PERCENT PERCENT OF FIELD CAPACITY 

SOIL MOISTURE 0 - 1 CM LAYER 

Figure 12. Plot of 21 cm values of Tg for all soils versus (a) soil moisture^expressed as 
weight percent and (b) soil moisture expressed as a apercent of FC. 
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As a result a decrease would be expected in the correlation between Tg and the ratio SM/FC if 
there were no significance to it, which was not the case. Thus we conclude there is some signifi- 
cance to using the value of FC for a soil to normalize for soil differences. 

• > 

The uncertainties m the values of Tg can be attnbuted to a number of causes one of which 

is the fact that the experiments were done over a several year penod and involved t't^o NASA’ aircraft 

(the CV-990 in 1972&73 and the P-3A in 1975) with different instruments. In each experiment 

the radiometers were calibrated by taking data over water targets whose Tg value can be accurately 

' 1 

calculated. As a result the estimated uncertainty in the Tg is ±5K at the low Tg range (~200K) 
and less than ±2K at the high Tg range (~280K). 

A greater source of uncertainty in Tg anses from the variations in the surface roughr^ess of 

' • t 

the fields studied. Choudhury et al (1979) have shown that the effect of surface roughness • 

IS to increase the emissivity of the soil surface by an amount 

Ae = r„ ( 1 - exp (~h)) * (11) 

where r^ is the reflectivity for the smooth surface and h is an empirically determined foulness 
parameter which is proportional to the rms height variations of the surface, h = 0 for a smooth^ 
surface For dry fields fields, r < 0 1, the effect will be small, for wet fields 4 = 0.4, the effect, 
correspondingly larger. The data presented here were for bare fields which had surface rough- 
nesses determmed by the agricultural practices of the two areas The dominant method of irri- 
gation is the flooded furrow with a furrow separation of about one meter and furrow height of 
about 20 meter. Supenmposed on these corrugations were soil clods, which were generally less 
than 5 cm. For these fields the range of the parameter h, which yielded the best fit to the data was 
0.45 to 0 6. The effect of this range on the observed values of Tg is given in Table 7. The range of 
Ae is less than, but still comparable, to that expected for the difference between the Yum& Sand 
and Miller Clay soils presente dm Table 3,1 e.Ae = 12 Recall that this result is for an extreme range of 
soil textures, the range of textures for the fields observed m aircraft data is perhaps, only about 2/3 
as great, so that the range of emissivity difference expected for soil textures differences is about 
the same as that expected for the uncertainly in surface roughness. As a result it is surprising that 
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the aircraft data was able to detect any soil texture dependencies and this probably was due to the- 
large amount of data that was available covering a good range of textures. 

Table 7 

Estimated effect of Roughness Variations 


h 

1 - exp (-h) 

Ae for 

ATg for 



r = .4 

T = 300K 

0.45 

.36 

1 

.14 

1 

43K 

0.60 

.45 1 

j 

1 

.22 

66K 


It may be possible to get around this problem in field experiments in which it should "be 

possible to make the microwave measurements for fields with controlled roughnesses but different 

textures. This has been done to a certain extent in active microwave or radar expenments ^Ulaby, 

* 

et al., 1979; Dobson and Ulaby, 1979) at the University of Kansas Measurements of the back- 
scatter coefficient display a similar dependence on soil texture to that presented in Figure 10. 
The slope of the versus soil moisture curve was greater for a loam soil than for a heavy clay 
soil but the slope's essentially agreed when the soil moistures were expressed in percent of FC. 

The fact that the regressions were performed versus the soil moisture in a 0 - 1 cm layer 
should not be taken to infer that the radiometer only responds to the moisture in this layer. The 
observed and calculated hnear relationships result from the comparison of the moisture in a 
thinner layer for our ground measurements than the layer which the microwave radiometer is 
actually measurmg (Barton, 1978). If the two layers were in consonnance the Tg vs SM curve 
would be similar to the dielectric constant curve, i.e. approximately bi-linear behaviour with a 
region slow change in Tg at low moisture levels followed by a more rapid change of Tg at the 
higher moisture levels. This behaviour is observed when Tg is compared with the soil moisture in 
the 2 5 and 5 cm layers of the soil (Choudhury, et al., 1979) 

The next step in this analysis will be to test the possibility that the pressure potential of the 
son water can be inferred directly from the microwave observations. Relationsliips such as those 
developed by Clapp and Homberger (1978) can be used to estimate the pressure potential from 
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the measured soil moisture content usmg the known textural class of the sojl This approach has 

* r , 

been tied with the active microwave backscatter data obtained by the University of Kansas with 
results comparable to those obtained percent of FC for normalizing the moisture content (Dobson 
& Uiaby, 1979) 

The abihty to express the moisture content m terms of a percent of FC for a soil means that 
it IS not necessary to know the soil type to determme the state of the soil water from remotely 
sensed observables. An example of how this may be used directly is given in the paper by Davies 
and Allen (1973) in which they parameterized the evapotranspiration from the soil in terms of 
the percent of FC for the moisture in the 0 - 5 cm layer of the soil for either bare soil of shallow 
rooted vegetation. This analysis was extended by Barton (1979) using soil moisture data obtained 
with an amborne microwave radiometer. 

CONCLUSIONS 

Due to the differmg amounts of water that can be tightly bound to soil particles there is a 
dependence of a sod’s dielectric properties on its texture. This dependence has been observed in 
laboratory measurements of the dielectric constant of soils and in both active and passive micro- 
wave observations of soil moisture directly. Therefore to obtain an absolute measurement of the 
soils moisture content with a microwave remote sensor some knowledge of the moisture char- 
actenstics for the soil will be required. Alternatively it has been shown that the state of the 
moisture in the surface layer of the soil, expressed as a percent of FC, can be measured directly. 
This latter information may, in some applications, be more important than the absolute content. 

ACKNOWLEDGEMENTS 

I would like to thank Dr. Craig Weigand of the USDA-SEA/AR facility at Weslaco, Texas 
for first suggesting that moisture tension may be the fundamental variable that microwave sensors 
respond to. I would also like to acknowledge the support provided by the crews of the NASA air- 
craft, the CV-990 based at the Ames Research Center and the P-3A based at the Johnson Space 
Center, and especially Mr Gordon Hrabal the mission manager for many of the P-3A flights. 


27 



REFERENCES 


Barton, I.J., 1978: A Case Study Comparison of Microwave Radiometer Measurements.over Bare 
and Vegetated Surfaces. J. Geophys Res., 83, 3513-3517. 

Barton, I.J., 1979’ A Parameterization of the Evaporation from Nonsaturated Surfaces. J. Appl 
Meteor., 18,-43-47 

Bauer, L. D , W. H Gardner, and W. R. Gardner, 1972. Soil Physics, Fourth Edition, .John Wiley 
Ind., New York, NY, 

Bell, K.R., B.J. Blanchard, T J Schmugge, & M.W. Witzcak, 1979: Analysis of Surface Moisture 
Variations within Large Field Sites. NASA Tech. Memo. TM 80264. Accepted for publication 
in Water Resources Research. 

Choudhury, B J., T J. Schmugge, R W. Newton, and A. Chang, 1979* Effect of Surface Rrough- 
ness on the Microwave Emission from Sods. J. Geophys. Res., 84, 5699-5706. 

Clapp, R.B. and G.M. Homberger, 1978: Empirical Equations for Some Soil Hydraulic Froperties. 
Water Resour. Res., 14, 601-504. 

Davies, J A., and C.D Allen, 1 973 Equilibrium, Potential and Actual Evaporation from Cropped 
Surfaces in Southern Ontario. J. Appl. Meteor., 12, 649-657. 

Dobson, M.C. andF.T. Ulaby, 1979: Soil Textural Effects on Radar Response to .'Soil Moisture. 
Remote.Sensing Laboratory Tech. Rept. 264-30, University of 'Kansas, Lawrence, Kansas, 

239 pages. 

Heilman, M.D., J.R. Thomas, D.L. Carter, and C.M. Thompson, 1966’: Chemical Physical and 
Mineralogical Characteristics of Plight Irrigated Soils of the Lower Rio Grande Valley of 
Texas, SWC Research Project 382, USDA-ARS-Soil and Water Conservation Research Division, 
Weslaco, Texas, 1966. 

Hoekstra, P. and P. CappiUino, 1971: Dielectnc Properties of Sea and Sodium Chloride Ice at VHF 
and Microwave Frequencies. J. Geophys. Res., 76,4922-4931. 

Hoekstra, P. and A. Delaney, 1974. Dielectric Properties of Soils at UHF and Microwave Fre- 
quencies J. Geophys. Res., 79, 1699-1708. 


28 



Idso, S.B., T J Schmugge, R.D Jackson and RJ. Reginato, 1975. The Utility of Surface Temper- 
ature Measurements for the Remote Sensing of Soil Water Status J. Geophys Res., 80, 
3044-3049. 

Lundien, J.R., 1971: Terrain Analysis by Electromagnetic Means. Tech. Rept. No. 3-693, Rept. 

5, U.S. Army Waterways Experiment Station, Vicksburg, MS, 85 pp. 

Newton, R.W., 1977 Microwave Sensing and its Application to Soil Moisture Detection. Tech 
Rept RSC-81 of the Remote Sensing Center at Texas A&M University, College Station, TX, 
500 pp. (University Microfilms No. 77-20,398). 

Salter, P J and J B, Williams, 1969; The Influence of Texture on the Moisture Characteristics of 
Soil. J. SoilSci., 20, 126-131. 

Schmugge, T.J., P Gloersen, T. Wilheit and F. Geiger, 1974: Remote Sensing of Soil Moisture 
with Microwave Radiometers. J. Geophys. Res., 79, 317-323. 

Schmugge, T.J., 1976: Preliminary Results from the March, 1975 Soil Moisture Flight. NASA 
Tech. Memo' TMX-7 1197, 21 pp. 

Schmugge, T.J., T. Wilheit, W. Webster and P. Gloersen, 1976: Remote Sensmg of Soil Moisture 
with Microwave Radiometers - II. NASA Tech. Note TN D-832 1 (NTIS No. N76-32625). 

Stogryn, A , 1971: Equations for Calculating the Dielectnc Constant of Salme Water. IEEE Trans, 
on Microwave Theory & Techniques, MTT-1 9, 733-736. 

Ulaby, F.T , P.P. Batlivala and M.C. Dobson, 1978: Microwave Backscatter Dependence on Surface 
Roughness, Soil Moisture, and Soil Texture: Parti — Bare Soil. IEEE Trans. Geo. Electron., 
GE-17, 286-295. 

Wang, J.R and T.J. Schmugge, 1979: An Empirical Model for the Complex Dielectric Permittivity 
of Soils as a Function of Water Content. To be Published in IEEE Trans Geo Electron. 


29 



